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I. INTRODUCTION

A l5nin liquid payload shell which was fired it, 1974 and carried a yaw-
sonde tel emetry package devel oped a coni ng moti on wi th an amnpl itude of forty
to fifty degrees.! At this large amplitude the projectile was subject to
rapid roll deceleration far in excess of any which night be produced by aero-
dynamic effects. Since then, one other round containing a low viscosity
liquid.2  several containing high viscosity liqUiOS1_ 5 and soine rounds with
felt wedge-type payloads6 have exhibited similar behauiour.

Recently, theoretical techniques for predict~ng the side mome,. and
rolling moment8  due to the liquid payload have bee! developed and a su:)stan-

I. W. P. D'Amico, V. Oskay, W. H. Clay, "Flight Test.a of the 155-im XV697
.iry Projectile and Associiated Desin Mo d1fic 7,1 :nrior t. coe
Winter Test 1974-1975, "U.S. Ballistic Research LaIboratory , Prv
ir. iClround, Mary land, BRL Memorandum Report ARBRL-MR-2?4 ', Ma.: 72
(AD B919969L.).

2. W. P. D'Arnico, W. H. 'Lazy, and A. Mark, "woni:DtfoM67TaPro-
jectile.3 with Application to Rapid Spin Decay an.-' Stewartson-Type 8t-'
Inptabilities," U.S. Bailistic Jhesearch Labora2tory, Aberdeen Z'vn
Ground, .?aryitand, BRL Memorondum Report AR.W?-L-MfR-030 7, June 1980
(AD A089646).

3. W. P. D'Amico, W. H. Clay, and A. Mark, 0Danai etsfr~kTp
Payloads and High-Viscosity Liquids," U.S. Ballistic Research La) --t to ry ,
Abc rdeer ?rotirg Grou-d, Maryland, BR" Mlemora~idAm Report ARBf?L- !~.2 3
April 1979 (AD A072812).

4.W. P. D'Amico and W. H. Clay, "High Visrcosity Li.- id Payload Yaw-ond Data
fo r Small Launch Yaws," U.S. Ballistic Research : .aiboratory, Aber 'e, Prov-
ting Ground, Maryland, BRL Memorandum Report ARBRL-MR-03929, vfu ., .980
(AD A068411).

.~. W. P. 'Anico and R. J. Yalamanchili, "Yaweonde 7ests of the 8-Inc: XM87?
Binary Proj'ectile: Phase I," U.S. BaLListic Research Laboratory, Ab. rdeen
Proving Ground, Maryland, .BRE, Vemorandum Report Lr preparation.

6. W. P. D'Arico, "Aeroballistic T'esting of the XM825 Projectile: Phrl,4;. rir,
High MuzZe Velocity and High Quadrant Elevation," U.S. Ballistic Reo earch
Labora tory, Aberdeen F'rovina /Grolund, Mary land, BRL Memorandum Li~port
ARBRL,-MR-93 196, 5eptembez- 1.92 (AD B0685 IlL).

7. C. H. ' rohy, "Anzgular Alotio'i of a Spinining TrojecrtiLe With :1."'7'scoU13

Liquid Payl(oad.," !I.S. Ballistic Research Labor~zt cry, Aberdeen: %'o-vir_>
Ground, , -ryland, BLMemorandum Report ARBRL-MR-03 194, Auy-us 196-
(AD A118675). (See also JournaZ of G-uid-ance, Cotoand Dynarnics., V,-;.
6, No. 4, July-Au'7uat 1983, rr. 280-286.

8. C. .Li. Murzl;iy, "Liquid Payload Roll moment Induce< by a Spinninj a':'i -ornl
Projectile," U.S. Ballistic Research Laboratory. Aberdeen Prozvtng -?"ouna
MVaryland, 3RL 'echnical Report ARBRL-TR-02521, Spi.temb,?r 1983 (A,7 _' 36B4.
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tial experimental data base assembled from gyroscope experiments.' In
order to facilitate comparisons of flight data with theory and gyroscope j
results, further analysis of the flight data from the unstable liquid payload j
rounds has been undertaken. Comparison of flight data with theory and gyro-
scope results is not altogether satisfactory because of gaps in the flight
data and large transient effects which violate the basic assumptions in the
theory. However, some of the comparisons are useful, particularly where am-
plitude growth is slow and steady state assumptions are reasonable. The low
viscosity, high Reynolds number cases fail to satisfy any such conditions, but .
the steady state approximation is quite good for some of the high viscosity

(low Reynolds number) cases. The Reynolds number (Re) is defined as a2;/v,

where a is the radius of the cylinder, is the projectile spin rate, and v is
the kinematic viscosity of the liquid.

During the analysis, it was necessary to interpret yawsonde measurements
from projectiles exhibiting large amplitude coning motion. The initial reduc-
tion of the yawsonde data was carried out using a five point data reduction
method developed for use with data from large amplitude coning motion. 11  T

However, interpretation of spin frequency and coning frequency still presents
problems due to the residual spin of the axes system used in the data reduc-
tion. Before presenting the derived results for the liquid payload moment; we
will look at the effects of a spinning axes system.

II. DATA ANALYSIS

A. Interpretation of Yawsonde Data.

A method was outlined within Reference 11 to establish liquid moment
coefficients. Yawsonde data from rounds undergoing large amplit jde high
frequency motion in Reference 12 were reduced using the methods within
Reference 11, but the techniques were not automated and did not utilize all of
the flight data. The coning rate and spin rate obtained from the yawsonde are

9. M. C. Miller, "Flight Instabilities of Spinning Projectiles Hav, 7,] Non-
rigid Payloads," Journal of Guidance, Control, and* Dynamics, Vol. 5,
March-April 1982, pp. 151-157.

10. W. P. D'Amico and M.C. Miller, "Flight Instabil*ti Produced by a Rapidly
Spinnin3, Highly Yiscous Tiquid," J'nurnal of Spa., ,raft and Rockets, Vol.
16, Janurry-February 797:, pp. 6?-64.

11. C. H. Murphy, "Effect of Large High-Frequency Angular Motion of a Shell on
the Analysis of Its Yawsonde Records," U.S. Ballistic Research Laboratory,
Aberdeen Proving Ground, Maryland, BRL Memorandc Report ARBRL-MR-2581,
February 1976 (AD B009427L).

12. W. P. D'Amico, "Yawsonde Tests for Prototype 15.5mm Shell Using Hi,7h Vis-
cosity aid Non-Newtonian Liquids," U.S. BallisWtc Researok Luhor''ory,
Abardeen Provirg "roud, Marylarid, BHRL Memorandum "s-port in preparaihon.
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with respect to a sun fixed reference system. The sun fixed system has a non-
zero roll rate with respect to the inertial axes frame. Before considering
results for the yawsonde data, we Ioo briefly at the effect of the rolling
axes system. The characteristic instability of liquid-filled rounds is aIways
to excite the high frequency mode so that we are concerned with simple high
frequency coning notion. The interpretation and use )f yawsonde data in this
report makes use of two different coordinate systems. The first is an earth
fixed or inertial coordinate system, OXYZ, with OX along the velocity vector
of the projectile, OZ in the vertical plane, and OY completing an orthogonal
system, where the velocity direction is assumed constant over the time period
for which the system is used. The second coordinate system is a sun fixed
coordinate system, OX'Y'Z', which has OX' along the missile axis, OY' normal

to the plane defined by the missile axis and the sun direction, and OZ' such
that OX'Z' contains both the missile axis and the sun. Then the yawsonde

measures coning rate, y, and spin rate, , in the sun fixed coordinate sys-

tem. The sun fixed coordinate system has spin rate, , relative to the

inertial axes system. If p is the spin rate of the projectile relative to the

inertial axes OXYZ and I is the coning rate relative to OXYZ, then the spin

rate medsured by the yawsonde is

(2.1)

and the coning rate is

= il -A (2.2)

The expression given in Reference 11 for 4A is valid only for relatively small

amplitude coning motion. Following a similar method, but avoiding small angle
approximations, it follows that

;A 1/2 tan a Isin aNT sin a- cos cNT cos a sin "

1 (2.3)

x - sin uNT COS a COS aNT sin a sin 7

- sin CNT cos a + cos i nl-

where *NT is the complement of the angle between the sun direction and the

velocity vector of the shell, which can be assumed constant over cle coning
cycle; -, is the total incidence or semi-angle of the cone and the equation is

uniformly valid for all values of ,; + J + *. The phase angle * is a

11



function of sun position relative to the velocity vector and therefore varies

with the velocity. The expression for A can be averaged over one cycle of

r to give

;AK: [1 - (cos C) (2,a)

for a + 0NT < n/2. Thus, the spin rate of the shell

p = -" €I r - (cos c) 'l], (2.5)
P t iL

and the coning rate,

y cos 0, (2.6)

B. Processing the Data.

We are interested in estimating the liquid moment coefficients described
in References 7 and 8. They are defined by the relations

x  2ma2 T

SL 1 CLRM + M aero (2.7)

for the liquid roll moment coefficient, CLRM

£ =(r~a2Ix[U~/o~i) -JCLSM 'L-[11 CMP C Mq CM.1 (28

for the liquid side moment coefficient, CLSM ,

where o 2 m p/pSz LV.L L

The yaw growth rate is dpfined by

.p rt

KI = K e (2.)
1 0'L

so that if aerodynamic effects are negligirle,

(ni a 2!/ ) (21i/,j-l) - I

(L CLS. (2.!))

12
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Then processing of the reduced yawsonde data, that is, measurements of
ano oN along the trajectory has been undertaken in four steps.

1. Determine amplitude and frequency of the coning motion by fittiliq a
quadratic to tne three points closest to each peak and trough in o The cone

angle 2u is the difference between peaks and troughs and the amplitude K1
sin ,a. The frequency determined by the tine delay between two adjacent peaks
or troughs is converted to coning frequency using Equation (2.6).

2. The second step is to determine spin rat2 and acceleration. A mov inn
least squares straight line fit, centered on each point successively, is used
to smooth the cyclic variation introduced by the axes spin of Equation (2.3)
and Equation (2.5) is used to remove the bias effect.

3. Equation (2.7) can now be used to evaluate CLRM using data from steps

I and 2. In general, an estimate of the aerodynamic roll damping can be ob-
tained from the estimated roll deceleration at tires preceding the nnset of
the liquid payload instability. The estimate can te used to remove the Maero

term from Equation (2.7). In any case, the moment is small compared with the
liquid roll moment, once the amplitude becomes large.

4. Finally, by using a least squares logarithmic fit to the amplitude
data, we can estimate c using Equation (2.9). This can be converted to an
equivalent total side moment coefficient

CSMEQ = CLSM + CSMA (2.11)

using Equation (2.8), where

SSMA L CM + CM + CM. (2.12)
Pa q

represents the aerodynamic contributions to the side moments. Rough estimates
of CSM A are included in Table 2 as a guide to the relative magnitudes of the

two side moments. However, the estimates are unreliable and indic.fte signs
and relative magnitudes only. All results show total equivalent siJe moment.
Any interpretation of the results should take this into consideration.

III. RESULTS

The rounds which sliowed liquid payload instabilities c be divided into
three categories, according to the types of liquid used. Fl st, there are the
high Feynolds number, low viscosity payloads. Only twu examples ot instabii-
ity are available from flight data because it is difficult to generate the
exact conditions to produce unstable behavioir for high Reynolds number pay-
loads. Both examples will be discussed in some detail. Next, there are a

13
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number of cases where high viscosity liquids (thus producing low Reynolds nurfi-
bers) were used in the payload, either corn syrup or silicone oils. Thirdly,
there are the cases where the Reynolds number concept is not applicable where
solids both fixed and free are included with the liquid payload. These rounds
contain liquid white phosphorous and felt wedges in the payload cylinders.
Descriptive constants for each round are given in Table 1.

A. High Reynolds Number.

The results for round 7254 are given in Figures la-le and those for 9387
in Figures 2a-2e. The initial behaviour of the 'rounds is quite different..
The first round, an XM687 with 0.5 calibre boattail, was given a large launch-
disturbance and showed signs of the Magnus instability characteristic of the
0.5 calibre boattail shape. It was also subject to high initial rcil deceler-
ation caused by the nonlinear spin-up of the liquid so that the liquid was
probably fully spun up after 2 seconds. Coning amplitude grew steadily until
a little past 6 seconds, when there was a substantial pulse in the side moment
and the amplitude increased rapidly to about 450 where it stabilized. Liquid
roll moment was negligible until the very large amplitude was attained, CLRM

then grew rapidly to around -0.05. The second round had no initial yaw dis-
turbance. Liquid spin-up was slow and steady and was not completed until
around 20 seconds. Near 7 seconds from launch T corresponded to an eigenvalue
of the partially spun-up liquid and coning motion began to grow. (See Reference
2.) Side moment and rolling moment history from then on are similar to those
for the first round except for the large pulse in the rolling moment 4hich
occurred near 11 seconds.

B. Low Reynolds Number.

Nine rounds containing high viscosity liquid have been analyzed--a group
of three 8-inch XM877 rounds, 10-B, 11-B, and 12-B, for which results are
shown in Figures 3, 4, and 5; a single 155mm M687-type round for which results
are shown in Figure 6; and a group of five M687-type rounds for which results
are shown in Figures 7 through 11. The first four rounds contained*silicon
oil with viscosity of 100,000 centi-stoke and the remaining Five rowcds werefilled with corn syrup at 170,000 centi-stoke.

All the silicon oil-filled shells show similar behaviour--an initial
steady yaw growth with CSMEQ around 0.05 with no significant despin, then a

short spin-up at only a few degrees coning amplitude (equf.vilent to quite a
large positive roll moment coefficient) together with a significant increase
in side moment. These short pulses are followed by a return to CSMFQ near

0.05, this time with CLRM approximately -0.05, leading to large amplitude

motion and rapid despin.

The behaviour of the five corn syrup rounds is much less consistent than
that of the silicon oil rounds. The data is noisier and.the onset of large
amplitude motion is far more rapid so that the interpretation of the results
is nore difficult. In general, the levels for liquid side moment and liquid
roll moment are slightly smaller and there are traces of the spin-up behaviour
exhibited by the other rounds, but the results are much less definite.

14



Table 1. Physical Characteristics of Projectiles

Round Yawsonde mLa 2 *

No. Figure No. Reference c/a a ii x  Re L

7254* 1 404 1 4.39 0.0537 0.0767 0.0968 2x101 00

9387 2 1339 2 4.97 0.0537 0.0861 0.0941 1.8xi0 b 135

10-B 3 1866 5 4.23 0.0692 0.0b,'5 0.1171 45.2 375

11-B 4 1867 5 4.23 0.0692 0.0675 0.1171 45.2 375

12-B 5 1868 5 4.23 0.0692 0.0675 0.1171 45.2 375

6 1955 12 5.20 0.0514 0.0719 0.0944 20 175

9394 7 1293 3 4.32 0.0587 0.1615 0.1020 10 200

9391 8 1313 3 4.32 0.0587 0.1615 0.1020 10 200

9540 9 1585 4 4.32 0.0587 0.1615 0.1012 10 200

9542 10 1587 4 4.32 0.0587 0.1615 0.1017 10 200

9543 11 1588 4 4.32 0.0587 0.1615 0.1015 10 200

YPG219 12 1693 6 4.32 0.6587 0.1153 0.1020 ---- 734

* Fill ratio for 7254 was 87%, all others were 100%.

C. Felt Wedge Rounds.

Figures 12a - 12e show the results of analysis of the data from a liquid

white phosphorous-felt wedge round. The results are generally similar to

those for the high viscosity liquids, although there is clearly a measurable
despin moment before the spin-up pulse as well as after it. Around 3-4 de-
grees amplitude, we have CLRM = -0.025, CS = 0.02. The positive roll

moment pulse shows up very clearly.

IV. SUMMARY

A summary of resL'Its for the rounds analyzed is given in Table 2. The
values of CLRM and CSfiEQ have been obtained when possible for moderate ampli-

tudes of several deg:ees where the coefficients have remained fairly constant
over a range of conditions. The results appe.'r to be generally consistentwith the result, CLRM = -CLSM from Reference 8. Growth rate for the coning

motion on some of the high viscosity rounds is sufficiently slow for the
steady state assumption of Reference 8 to be reasonable. Most of the rounds
exhibited a characteristic spin-up behaviour at small coning amplitudes just
prior to or possibly coincident with rapid increases in coning amplitudes.

15
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Table 2. Summary of Results.

UYawsonde Re CLR cSl( cS

404 2 X 106 0.090 -0.05 0.05
1339 1.8 X 106 0.090 -0.02 0.04 -0.0O

1866 45.2 0.123 -0.055 0.050 -0.004

1867 45.2 0.123 -0.055 0.050 -0.0)04

1868 45.2 0.123 -0.060 0O053 ).)0
*1955 20 0.087 -0.04 0.04 J 1

1293 10 0.090 -0.03 0.02 -.).008

*1313 10 0.088 -0.02 0.025 -0.008

1585 10 0.091 -0.025 0.02 -0.008

1587 10 0.093 -0.04 0.02 -0.008

1588 10 0,095 -0.03 0.02 -0.008
1693 ---- 0.094 -0.025 0.025 -. ).005
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LIST OF SYMBOLS

a radius of liquid payload cavity

c half-height of liquid payload cavity

tLRM liquid roll moment coefficient

CLSM liquid side moment coefficient

i CM Magnus moment coefficient
pai

* CM + CM. pitch damping moment coefficient

CSMA aerodynamic equivalent side moment coefficient

CSMEQ total equivalent side moment coefficient

x axial moment of inertia of projectile

K1  magnitude of the coning motion

K10  initial value of KI

reference length

mL mass of liquid in a fully filled payload cavity
9'L

p roll rate in inertial axes

2
Re pa /v, Reynolds number

S reference area

t time

V magnitude of projectile's velocity

XYZ inertial axes, X-axis tangent to trajectory

X'Y'Z' sun fixed projectile axes, X'-axis along missile,
X'Z' pl.-. --,.,tains missile axis and the sun

-incidence of projectile, cone semi-anglei.
, coning rate in sun-fixed axes

r + A +

growth rate/$ 1
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V dynamic viscosity

p air density

a ratio cf axial to transverse moments of inertia

2 2
2 .mLa p/PSL2V

complementary solar aspect angle of velocity vector

/p, nondimensional coning rate

roll rate, measured in sun fixed axes

roll rate of sun fixed axes
OA
NI coning rate in inertial axes

phase angle of coning motion, a function of sun
position relative to the velocity vector
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